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I. INTRODUCTION: THE SPARK COUNTER
A SURVEY of spark chamber development to the present seems an appropriate introduction to a symposium that will cover the most recent developments in a field presently growing at an explosive rate. It will also perhaps serve to recall that some developments in physics more than five years old are still interesting, relevant, and important. In addition it will define terms, and attempt to organize the presentation along logical lines. It is derived from published literature only; completeness is not guaranteed.
The spark chamber is a direct outgrowth of an older detector called the spark counter, which is still in limited use (D1,E1,K3) . The spark counter in its simplest form consists of a pair of parallel plates, with a high potential between them, in a gas atmosphere, used exactly the same way as a Geiger-Muller counter. It is in fact only a variation of the Geiger-Muller (GM) counter geometry.
Any pair of electrodes in a gas atmosphere can be operated in three distinguishable ways as a charged-particle detector: the ionization-chamber region, when the applied field is sufficient only to collect the primary ions produced; the proportional region, in which gas multiplication of the primary ionization is produced, but the discharge is not yet self-sustaining; and the discharge region, in which a self-sustaining discharge is produced and later quenched, either externally or by an added quenching agent in the gas filling. The spark counter may be defined as any arrangement of electrodes other than that of the GM counter, operated in the discharge region. With this definition, we include geometries other than the conventional parallel-plate geometry; this is necessary since such geometries are useful in spark chambers.
Parallel-plate ionization chambers are very old; I have not probed their history. The earliest reference I have been able to find on the use of parallel-plate geometry for a particle detector working in the proportional region is the 1933 work of Zipprich (Z2) who found they could be used to detect not only alpha particles, but beta rays traversing a centimeter of air; he achieved gas multiplications of several thousand. At that time the GM counter was the preferred, and indeed, almost the sole detector for single particles. Extensive development of GM counters was in 482
progress, and efforts to understand its mode of operation were being made that culminated in success only at the end of the decade. Until Trost (T3) introduced the use of alcohol as the first internal quenching agent, GM counters required external quenching to extinguish the discharge. The rather unsatisfactory expedient of a long RC time constant was used until 1936, when the introduction of the Neher-Harper external quenching circuit (N1) made it possible to achieve faster counting rates more reliably. With the advent of the external quenching circuit, various investigators tried other geometries than the coaxial cylinder geometry of the GM counter, and found that an external quenching circuit made it possible to use arbitrary geometries. This discovery seems to have been made more or less independently by S. C. Brown (B9), Dany de Souza Santos and Wataghin (D2), Dauvillier (D3) , Gisolf (G1), and perhaps others. Gisolf showed that a commercial Philips neon glow-tube could be used as a counter; de Souza Santos successfully tried coaxial helices and wire grids, and Brown a series of more and more varied geometries, ending up eventually with a successful discharge-type detector, externally quenched, whose electrodes were a fork and a spoon.
Of all these geometries only the parallel-plate provides a field everywhere uniform, and therefore it can provide the shortest transit times. Investigators searching for detectors with rapid response found the parallel-plate spark counter the fastest then available. While the discharge of a GM counter takes some tenths of microseconds to develop, the rise time in the parallel-plate counter is shorter. First to study this aspect seems to have been Keuffel (K1, 2), who achieved rise times of 10 nsec and less, and Madansky and Pidd (M1, P1), who showed that the rise time was, under suitable circumstances, in the nanosecond region. They also pointed out that this was much faster than the electron collection time, and explained this by the process of streamer formation, which does not require the primary electrons to cross the gap, and is therefore very rapid. More recent investigations of spark counter rise times by modern techniques have been carried out by Zavoisky and his collaborators (B1, Zl), who have produced detectors with rise times of 0.15 nsec (Zl).
II. DEVELOPMENT OF VISUAL DETECTION
We turn now to the use of the spark counter as a visual detector, which is the aspect of greatest interest to us. The most important step between the spark counter and the spark chamber is the use of photographic rather than electrical recording, thus converting the device from a counter into a track-locating detector. Almost as important is the discovery of means for observing more than one particle at a time. A further important improvement is the use of pulsed, triggered chambers provided with a clearing field, rather than continuously sensitive ones j this is what makes the spark chamber so interesting to contemporary high-energy physicists, since it permits operation in intense beams. Also of interest is the recent discovery that the chamber may under suitable conditions be used as a track-delineating detector, rather than a tracksampling device.
The first observation that the discharge between parallel plates caused by a fast particle was physically located along the path of the particle was made, apparently, by Keuffel (K2), who noticed this effect visually and pointed out that it could be used for locating particle tracks. In retrospect it seems surprising that this observation went almost unnoticed j it had to be repeated independently three more times before it penetrated the general consciousness that this was a practical way of locating and observing particle tracks.
Bella and Franzinetti (B4-6) repeated Keuffel's observations, and published the first photographs of the spark discharge, and pointed out that it could be localized to within one cubic mm. This work did not go unnoticed j from it Conversi (C1,C2) developed the neon-tube hodoscope, a modification of the spark chamber in which the discharge is localized in an array of small glass tubes filled with neon. The major disadvantages of the neon-tube hodoscope were its limited resolution, the difficulty of interpreting complex events, and the long recovery time, about 0.1 sec. Nevertheless, the neon-tube hodoscope might well have found further applications in high-energy physics (C3) were it not for further developments in spark chamber technique that surpassed its capabilities.
The first person actually to take two stereo photographs of the discharge in a set of parallel-plate spark counters seems to have been Henning, a student in a group under Professor Erich Bagge at Hamburg. Henning (H1), starting in 1955, introduced the techniques of using several parallelplate counters, of enhancing the spark with a triggered condenser discharge through the counter when a coincidence was registered, and of taking stereo photographs. He obtained the first measurements of the accuracy of track location, and found that the error distribution consisted of three superposed gaussians: the major group, of standard deviation 0.8 mm, comprising 78% of the deviations j a second group, containing 17% of 7 -mm standard deviation, and a 5% group with 2S-mm deviation. The second group was ascribed to secondary avalanches and to knock-on electrons, and the third to multiple avalanche discharges and showers. It is to be remembered that these spark counters were filled with an argon-vapor mixture, and showed only one spark at a time, like an air chamber.
A considerable number of additional papers from the group at Hamburg (and now Kiel) have followed up this work (A1, A2, A3, B2, B3, T1) j the idea of pulsing the voltage on the counters to higher values on receipt of a suitable trigger was not adopted in this group until Trumper's work in 1960 (T1). However, they have made extensive investigations into the mechanism of the discharge in the argon-vapor mixtures used, and into the magnitude and origin of the errors in track location, now reduced to 0.2 mm in 96% of the tracks (T1). In addition two cosmic ray experiments, on the muon spectrum at sea level, and on a comparison of muon multiple scattering in lead with the Moliere theory, have been carried out using the spark counters to locate the tracks (A1, A2, A3).
The German work seems also to have gone largely unnoticed, at least by high-energy physicsts. The rediscovery that finally crossed the threshold of consciousness was that of Cranshaw and DeBeer (C4), who introduced the technique of pulsing the high voltage, leaving only a small clearing potential on the plates between pulses to remove old ions. Cranshaw and DeBeer used air at atmospheric pressure, thus circumventing any problems of gas tight enclosures, and facilitating the use of very cheaply constructed large multiplate assemblies. The developments of Cranshaw and DeBeer were used in some cosmic-ray experiments on very large showers (D4) .
As a result of Cranshaw and DeBeer's work, interest was awakened in the USSR and rekindled in the U. S., this time among high-energy physicists. The author, at the University of Rochester, and a group at M.I.T. under Hill and Frisch, started further development work, aimed at the use of spark chambers on high-energy accelerators. At Rochester, we confirmed experimentally Cranshaw and DeBeer's calculations that indicated clearing times of less than a microsecond were feasible, thus showing that the chambers would work in high-intensity beams. The major effort was directed toward devising methods for observing more than one particle at a time, and consequently, efforts to operate chambers in which the electrodes were dissected into strips or squares were made, which failed because air fillings were being used. We have recently found that such chambers can be made to work if other gas fillings are used (d. B1). However, the crucial step in this direction was taken by Fukui and Miyamoto (F1) , who introduced the use of noble gas fillings and showed that with such fillings, parallel-plate chambers would record the passage of more than one simultaneous particle. They also pointed out the importance of the rate of rise of the voltage pulse on the chamber, and were able for the first time to use the chamber as a track-delineating device, in which the discharge actually follows the track, rather than merely as a track-sampling device. Fukui and Miyamoto sent particles through their chamber in a direction parallel to the plane of the plates, and found that discharge between plates took place, localized along the track of the particle, in streamers separated on the average by a few mm. Thus one obtains a projection of the trajectory on the plane of the plates. This method is limited by the inability to get a second such projection; in the z direction, normal to the plates, one is still restricted to a sampling procedure.
III. RECENT DEVELOPMENTS
With the developments by Fukui and Miyamoto we come to the modern development of the chamber, with rather widespread realization of the potential usefulness of the device in high-energy physics. The number of groups working on or with spark chambers has now become very large; the present panel, big as it is, no longer suffices to accommodate them. Developments in technique are by no means at an end; important advances have been and will continue to be made, and it is the purpose of this symposium to bring us up to date on them. Since the USSR is not represented here, I would like to outline the Russian work on spark chambers that was reported at the Berkeley Conference in Instrumentation for High-Energy Physics last September. This material will presumably all appear in the proceedings of that conference, and also in the literature. It was presented in a paper by M. S. Kozodaev, of which I here give a short paraphrase.
Russian work has been directed along several distinct lines. One is the study of attainable accuracy in track location. Standard errors of ±0.2 mm for 2-mm plate separations were found (R4, R5) . With 8-to to-mm gaps, for particles crossing normally, errors of 0.22 mm, and at 45°,±1.6 mm were found (R6) . With this precision, using chambers in a magnetic field, momenta up to 100 Bev/c were measured; the magnet gap was 60X20 cm. [Allkofer (A1, A2) reached similar momenta in his muon-spectrum determination; but he did not have his chamber inside the magnetic field.] In R6 it is claimed that accuracy in the determination of the particle trajectory is increased by measuring the streamers at a point one-sixth of the way from the negative to the positive electrode.
Measurements of the efficiency of counters as a function of gas :filling, pulse shape and duration, and gap length are given in R6, 7, and 9. They find that efficiency depends upon the concentration of negative ions; that the memory or storage time is long for air, N 2, and CO2 (hundreds of microseconds), and short for noble gases (microsecond times). A count is registered only if electrons or negative ions are still present when the voltage pulse is applied.
The product pd required for 100% efficiency, where p is pressure of the gas in mm of mercury, and d the gap spacing in cm, is 450 for neon (R6) . In air, N 2 , and CO 2 , only one of several simultaneous particles produces a spark; in noble gases, many (although the efficiency is not known, nor the limiting number). In argon, tracks follow the particle trajectory up to angles of 35°-40° if the rise time is less than 0.2 ,usec, and the pulse not too long delayed. The observations of Fukui and Miyamoto that particle tracks parallel to the plane of the electrodes could be photographed through transparent electrodes were confirmed with 660-Mev protons (R9) .
A method for photographing a spark chamber between the poles of a magnet is also given; the chamber has transparent electrodes (conducting glass) and photographs are taken normal to the plane and also through the gap between electrodes (R4, 5) .
IV. TERMINOLOGY
It is perhaps worth while to define some properties of the spark chamber and introduce suitable terminology for describing them.
Spark chambers may give a visual indication of particle tracks in three ways: they may sample a track, as when a particle crosses the plates at an angle, yielding the familiar "staggered" picture; in this case the individual spark between two plates samples the track and gives the x, y coordinates of one point on it. Or they may be track-following devices, as when a rapidly rising voltage pulse yields sparks that actually follow the particle trajectory in its diagonal path. Other track-following or track-delineating applications include the Fukui-Miyamoto procedure of obtaining the projection of the track on the plane of the electrodes, for a track in or near that plane. Finally, chambers made of rods or wires, giving "staircase" pictures, are not only sampling but digitizing devices, since the track representation is now confined in two of the three dimensions to discrete values of the rectangular coordinate grid joining the wires. The major mode of use in the immediate future appears to be the parallel-plate sampling technique. Different data-handling procedures are appropriate to each of these techniques.
The various times of interest in a spark chamber deserve mention. The clearing time, storage time, and memory time all refer to the same interval: the time after the passage of an ionizing particle during which the probability of obtaining a spark on the application of the high-voltage pulse drops to some given value. This value, which is often not specified, might equally well be one-half, 1/ e, zero, or any other value. For concreteness, it is suggested that one speak of well-defined quantities such as the half-clearing time, the 1/ e storage time, or the storage half-life. The time in which the efficiency drops to zero is not readily defined, and is a less useful parameter.
The breakdown time in a spark chamber is the interval between the application of voltage and the appearance of the spark. In a spark counter in which the voltage is on continuously, it is the interval between particle traversal and the appearance of a spark, and is in the nanosecond region. The dead time or recovery time is the long interval that must elapse before the chamber is ready to be used again. This interval may be defined by the time that must elapse before the reapplication of the voltage no longer causes a spark to reappear as a result of the previous track, except in a specified fraction of cases. A convenient definition in this case might be the "90% recovery time," after which the probability of reigniting the old spark has dropped to 10%.
